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The  improved  structure  of  stand-alone  wind  power  system  which  is  presented  in  this  paper  based  on  a 
doubly  fed  induction  generator  (DFIG)  and  permanent  magnet  synchronous  machine  (PMSM).  A  Li-ion 
battery  energy  storage  system  is  used  to  compensate  the  inherent  power  fluctuations  (excess  or 
shortage)  and  to  regulate  the  overall  system  operation  based  on  a  power  management  strategy.  The 
modeling  and  the  control  of  a  DFIG  for  stand-alone  power  applications  are  detailed.  However,  the 
magnitude  and  frequency  of  the  DFIG  stator  output  voltage  are  controlled  under  variable  mechanical 
speed.  This  task  is  ensured  via  the  control  of  d  and  q  components  of  the  rotor  flux  by  means  of  a  back-to- 
back  pulse  width  modulation  (PWM)  converter  connected  to  the  rotor  side  of  the  DFIG.  The  PMSM  is 
coupled  mechanically  to  the  wind  turbine  and  supplies  a  required  power  to  the  PWM  converter  in  order 
to  regulate  the  dc  bus  voltage  to  the  desired  value. 

In  order  to  validate  the  proposed  stand-alone  wind  power  supply  structure  both  a  theoretical  system 
analysis  and  a  complete  simulation  of  the  overall  wind  energy  conversion  system  (WECS)  with  Li-ion 
battery  energy  storage  system  is  carried  out  to  prove  the  performances  of  the  control  strategy. 
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1.  Introduction 

Wind  power  and  photovoltaic  driven  stand-alone  systems  have 
turned  into  one  of  the  most  promising  ways  to  handle  the 
electrification  requirements  of  numerous  isolated  consumers 
worldwide  [1],  These  off-grid  wind  turbines  or  photovoltaic  power 
systems  help  in  reducing  the  stress  on  the  grid,  diminish  the 
pollution  and  save  on  fuel  cost  by  reducing  or  even  eliminating  the 
need  for  diesel  generators,  which  consume  a  lot  of  polluting  fuel 
[2,3],  Therefore,  the  implementation  of  stand-alone  power  sys¬ 
tems  can  handle  the  rural  electrification  imbroglio  effectively  by 
providing  environmentally  benign,  sustainable  and  reliable  energy 
supply  [4,5], 

In  recent  years,  the  isolated  grid  and  embedded  applications 
(electric  aircraft)  used  stand-alone  wind  power  supply  based  on 
control  of  variable  speed  constant  frequency  (VSCF)  generators  has 
become  a  very  important  research  topic  [6-8].  However,  many 
studies  and  evaluations  about  wind  energy  power  potential  were 
conducted  in  many  European  countries  and  America  to  develop 
wind  energy  power  projects  [9], 

In  this  way,  some  stand-alone  wind  generation  systems,  where 
squirrel  cage  induction  machine  is  used,  are  capable  to  regulate 
the  output  voltage  magnitude  but  only  at  a  variable  frequency  [4], 
Others  systems  are  able  to  achieve  voltage  magnitude  and  fre¬ 
quency  regulation  under  variable  speed  thanks  to  the  use  of  a 
PWM  converter  between  the  PMSM  generator  and  the  load  [10], 
Preceding  from  the  last  power  wind  architecture,  Serra  et  al.  [11] 
proposed  a  configuration  consists  of  a  rectifier  followed  by  a  dc/dc 
converter  and  a  voltage  source  working  as  an  inverter  with  an 
output  filter.  This  wind  power  system  is  controlled  in  order  to 
generate  an  output  voltage  with  constant  amplitude  and  fre¬ 
quency,  irrespective  of  the  supplied  load. 

Wang  et  al.  [12]  used  in  his  study  a  hybrid  wind-microturbine 
generation  (MTG)  distributed  generation  system  that  incorporates 
power  electronic  interfacing  circuits  for  stand-alone  operation. 

Recently,  the  DFIG  has  been  widely  applied  to  wind  energy 
conversion  systems.  The  most  important  benefit  of  the  DFIG  is  the 
small  rate  of  power  converter  compared  to  the  nominal  power  of 
machine  (around  30%),  so  it  can  be  used  in  high  power  applica¬ 
tions  in  both  grid  and  stand-alone  mode  [13], 

In  this  context,  the  DFIGs  are  attracted  attention  as  sources 
of  constant  frequency  generators  from  variable  speed  movers 
[14,15],  In  the  rotor  circuit,  the  speed  range  can  be  extended 
above  synchronous  speed  and  power  can  be  generated  both  from 
the  stator  and  the  rotor.  An  advantage  of  this  type  of  DFIG  wind 
power  is  that  can  be  operated  under  variable  wind  speed  [15]. 

This  paper  presents  an  improved  structure  of  stand-alone  wind 
power  system  based  on  DFIG  and  PMSM.  Nevertheless,  the  control 
strategy  of  our  system  developed  for  the  purpose  of  regulating  the 
rms  value  of  the  DFIG  stator  output  voltage  to  220  V  and  a  nominal 
frequency  at  50  Hz.  The  rotor  of  the  DFIG  is  fed  by  both  PMSM  and 
Li-ion  battery  energy  storage  system  via  a  PWM  converter  [16,17], 
The  control  strategy  of  the  DFIG  uses  a  vector  control  scheme 
based  on  a  d,  q  synchronous  reference  frame.  The  stator-flux  vector 
is  aligned  with  d-axis  of  the  synchronous  frame  allowing  by 
decoupled  active  and  reactive  powers  control  [15].  Two  indepen¬ 
dent  control  loops  are  used;  the  first  one  is  devoted  to  the  stator 


voltage  control  while  the  second  is  dedicated  to  the  rotor  flux 
control.  In  a  stand-alone  wind  power  system  the  energy  manage¬ 
ment  strategy  dispatches  the  power  between  the  principal  com¬ 
ponents  of  our  system  [7,18].  Many  studies  have  been  done  on 
management  strategies  of  wind  energy  conversion  system  [7], 
Where,  the  authors  propose  a  various  management  methods  with 
different  algorithms  depend  to  the  operating  mode.  For  our  case,  a 
simple  energy  management  strategy  used  to  smooth  wind  power 
fluctuations  by  the  Li-ion  battery  energy  storage  system. 

The  rest  of  this  paper  is  organized  as  follows.  The  WECS  system 
is  briefly  described  in  Section  2.  The  WECS  model  is  discussed  in 
Section  3.  Section  4  presents  the  control  of  the  WECS  in  isolated 
mode.  Simulation  results  are  presented  in  Section  5  to  evaluate  the 
proposed  configuration  and  control.  Finally,  the  conclusions  are 
given  in  Section  6. 

2.  WECS  description 

Fig.  1  shows  the  simplified  diagram  of  the  power  system  based 
wind  power  generation  in  isolated  mode.  It  consists  of  a  wind 
turbine,  a  gearbox,  a  DFIG,  a  back-to-back  PWM  converter  and  a 
PMSM.  Basically,  the  stator  of  the  DFIG  is  directly  connected  to 
an  isolated  load  where  as  its  rotor  is  interfaced  by  a  variable 
frequency  power  converter  to  cover  a  wide  operation  range  from 
low  to  high  power  and  assures  the  regulating  of  the  stator  voltage 
magnitude  and  constant  frequency  by  controlling  the  rotor  flux 
components  [19],  The  second  PWM  converter  regulates  the  dc  bus 
voltage  by  using  the  power  generated  from  the  PMSM  [20], 

3.  WECS  model 

3.1.  Modeling  of  the  wind  turbine  and  gearbox 

The  aerodynamic  power  Pwin( t,  which  is  converted  by  a  wind 
turbine,  is  related  to  the  power  coefficient  Cp  by  the  following 
equation  [18,21,22]: 

Pwrnd  —  r^Cp(X,  [3)p  n  R  V  (1) 

The  wind  turbine  torque  presents  the  ratio  of  the  output  power 
to  the  turbine  speed  £2t: 


The  turbine  is  generally  coupled  to  the  generator  through 
a  gearbox  whose  gear  ratio  G  is  chosen  somehow  to  set  the 
generator  shaft  speed  within  a  desired  speed  range.  By  neglecting 
the  transmission  losses,  the  torque  Tg  and  shaft  speed  Q. mecre/ 
to  the  generator  side  of  the  gearbox,  are  given  by  the  following 
equation: 

Tg  =  -q-  and  =  (3) 

A  wind  turbine  can  convert  just  certain  percentage  of  the 
captured  wind  power.  This  percentage  is  represented  by  a  coeffi¬ 
cient  Cp(2)  that  depends  on  the  wind  speed,  turbine  speed  and 
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Nomenclature 

M 

mutual  inductance 

Ps,Q.s,Pr, 

Qr  stator  and  rotor  active  and  reactive  powers 

P  wind 

aerodynamic  power 

Rs,  Rr 

stator  and  rotor  resistances 

cP 

power  coefficient 

Is  ■>  Lr 

stator  and  rotor  inductances 

X 

tip  speed  ratio 

9s,er 

stator  and  rotor  flux  angles  in  the  rotor  frame 

p 

air  density 

vsd,  vsq,  Vrd,  vrq  stator  and  rotor  d,  q  voltages  components 

R 

blade  length 

hd’  hq*  Ird 

irq  stator  and  rotor  d,  q  currents  components 

V 

wind  velocity 

4>Sd -  <Psq,  4>rd,  Qrq  stator  and  rotor  d,  q  flux  components 

vs,  vr 

stator  and  rotor  voltage  vectors 

P 

pole  pairs  number 

is,  i'r 

stator  and  rotor  current  vectors 

Trm 

resistant  torque 

<ps,  cp,. 

stator  and  rotor  flux  linkage  vectors 

f 

viscous  coefficient 

a>s,a>r 

stator  and  rotor  angular  frequency 

J 

total  inertia 

pitch  angle  p. 


CP(X,  P)  =  (0.5  -  0. 1 67  (P  -  2))  sin 


n(X+0.\) 
10  0.3/7 


—  0.001 84(2  —  3)(p  —  2 ) 


(4) 


Cp  depends  also  to  the  ratio  X  between  the  turbine  angular 
velocity  i2t  and  the  wind  speed.  This  ratio  is  called  the  tip  speed 
ratio  [14,18]: 


X  = 


ntR 

IT 


(5) 


It  is  clear  that  the  power  extracted  from  the  wind  is  maximized 
when  Cp  is  maximized.  This  optimal  value  of  Cp  occurs  at  a  defined 
value  of  the  tip  speed  ratio  X.  For  each  wind  speed,  there  is  an 
optimum  rotor  speed  where  maximum  power  is  extracted  from 
the  wind  [14,18],  For  these  reasons  the  turbine  will  often  operate 
away  from  its  maximum  power  point.  By  using  the  maximum 
power  point  tracker  (MPPT)  algorithm  we  can  achieve  the  optimal 
operation  of  WECS.  However,  this  algorithm  allow  to  maximum 
the  wind  power  conversion  [18,22], 

This  algorithm  can  be  summarized  by  five  several  steps,  which 
are: 


1.  Choose  the  initial  reference  rotor  speed  and  measure  the 
output  power  of  the  generator. 

2.  Increase  or  decrease  the  reference  rotor  speed  by  one  step 
(■12 step)  and  measure  the  output  power  again. 

3.  Calculate  Sign(AP)  and  Sign(A£2). 


4.  QmeCref(n)  =  i2mecref(n-V  +  Sign(AP)Sign(An)astep. 

5.  Repeat  from  step  3  to  reach  optimum  operating  point. 


3.2.  General  model  of  the  DFIG 

A  classical  modeling  of  the  DFIG  in  the  Park  reference  frame  is 
used.  The  voltage  and  flux  equations  of  the  DFIG  are  given  as 
follows  [20,21,23]: 

vsd  =  ks  isd  +  -jjp  —  cas  rpSq 
Vsq  —  P‘i  Uq  +  +  (Os  <psd 

'  hj  (6) 

vrd  =  Rrhd  +  ~  a>r<Prq 

Vrq  =  Pi  h  q  +  -fir-  +  0>r(j)rq 


Vrd 


V 


rq 


Qr 


*PS 

Fig.  2.  General  model  of  DFIG. 


Equations 
6  &  7 


>rd 


3 

w 


Equations 
6,7  &  8 


F>bat_r^‘ 


Fig.  1.  Global  configuration  of  the  WECS. 
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with 


The  angle  8,  is  obtained  by  integrating  the  previous  equation: 


Asd  —  As  isl i + Mird 

Asq  —  Lsisq4-Mirq 

*Prd  —  Ar  Ad  4-Misd 

Arq  —  Lrirq-\-MiSq 


(7) 


dr  =  [  a>rdt+8r o  (17) 

Jo 

From  (15),  the  equations  linking  the  stator  currents  to  the  rotor 
ones  are  deduced  below: 


The  active  and  reactive  powers  at  the  stator  side  and  also  at  the 
rotor  side  are  defined  as  follows: 


Ps  —  Vsdhd  +  Vsqhq 

Qs  =  Vsqisd  ~  VsdUq 

(8) 

Pr  =  Vrdird  +  Vrqlrq 

Q.r  =  Vrqird  ~  vrdbq 

(9) 

Fig.  2  illustrates  the  block  diagram  of  general  model  of  DFIG. 
The  electromagnetic  torque  is  expressed  as  follows: 

Tem  =  Pifisdisq  —  <fisqisd)  (10) 

The  electro-mechanical  torque  equation  is  as  follows: 

Tem  =  Trm+f£2+Jd£  (11) 

3.3.  Modeling  of  the  DFIG  with  a  stator  field  orientation 


i  —<h  —  Mi 
lsd  —  ls  Ls‘rd 

i  —  —Mi 
lsq  ~  I?r<7 


(18) 


The  following  constraint  can  be  deduced  from  (7)  and  (18).  It 
corresponds  to  the  correct  orientation  of  the  reference  frame. 


•  _  As. 
lri-  ~Mhq 


O  (Pm  =  ' 


( jLsLr . 

~M~hl 


(19) 


From  (8),  (14)  and  (19)  the  stator  active  and  reactive  powers 
become: 


Ps  =  ^ 3^rq 

=  3vs^-£^) 


(20) 


Consequently,  the  control  of  stator  active  power  is  ensured  by  a 
q  rotor  flux  component  control  </>rq  while  the  control  of  stator 
reactive  power  is  guaranteed  by  d  rotor  flux  component  control 

tfird- 


Simplified  expression  of  the  electromagnetic  torque  is  obtained 
by  setting  the  following  condition  [19,23], 

^  =  °^TT  =  ° 
tpsd  =  As 

Hence,  it  yields: 

Tem  =  PAs  Ac/ 

In  consequence,  the  Park  reference  has  to  be  synchronized  with 
the  stator  flux  (Fig.  3). 

Assuming  that  the  resistance  of  the  stator  winding  Rs 
neglected,  the  voltage  and  flux  equations  of  the  stator  windings 
can  be  simplified  in  steady  state  as  follows: 


(12) 

(13) 


3.4.  Modeling  of  the  DFIG  in  isolated  mode 

In  this  case  the  DFIG  model  consists  of  the  following  equations 
which  link  the  rotor  flux  with  the  rotor  voltages  [8-16]: 


%"=  ~T7+Vrd+Ed 

d'lSq  _  ^rq  ... 

ST—  —  Y^+vrq-te.q 

with: 

A  d  —  -/-,  Ad  +  dJrtprq 

Eq  =  Y^isq  ~  f,trfrd 

The  stator  voltages  equations  are: 


(21) 


(22) 


f  Vsd  =  0 
1  V.sc/  =  ®sAs 


j  vsd  —  ~  ®sj^(Ar<j  +A() 
1  vsq  =  ~F  G’sffl.rfird  J-Aq) 


(23) 


J  As  —  As  Ad  +  Mird 

jo  =  Lsisq  +  Mirq  (15) 

Since  the  DFIG  stator  voltage  frequency  is  set  by  the  control 
algorithm,  the  rotor  speed  is  deduced  from  the  following  equation: 

a>r  =  cos—pi 2  (16) 


with 

Ai  —  m(Asct  is q  —  iHjAd) 
Aq  =  Ad  +^Acj) 


(24) 


The  block  diagram  showing  model  of  the  DFIG  in  this  mode  is 
illustrated  in  Fig.  4. 


Fig.  3.  Orientation  of  the  d,  q  frame. 


Fig.  4.  DFIG  model  in  isolated  mode. 
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3.5.  Modeling  of  the  PMSM  in  isolated  mode 

The  model  of  the  PMSM  in  the  (dq)  is  described  by  the 
following  equations: 

Vmd  =  Rtmirnd  T"  Ed  df  ^md 

di  (25> 

Vmq  —  Rmsimq  +  Eq-gf-  —  Emq 

where  Emd  and  Emq  are  the  thermal  coupling 

{Emd  =  °’Lqimq 

Emq  —  toLd  l/iid  dxpj 

with 

vmd,  vmq '■  The  direct  and  quadrature  voltage  components. 
imd,  imq'-  The  direct  and  quadrature  current  components. 

3.6.  Equivalent  continuous  model  of  the  converters 

The  dynamic  of  this  wind  generation  system  is  slower  than  the 
switching  frequency  of  power  converters.  Moreover,  the  high 
frequency  of  voltages  and  currents  may  be  neglected  due  to  the 
presence  of  the  rotor  windings  and  filter  inductors,  and  the  high 
commutation  frequency  used  by  PWM  converters.  Therefore,  only 
the  low  frequency  spectrum  of  the  various  quantities  of  the  model 
requires  to  be  calculated.  An  equivalent  continuous  model  of  the 
converter  has  been  established  with  the  voltage  and  current 
balancing  condition.  In  the  d,  q  reference  frame,  the  rotor  voltages 
are  linked  to  the  dc  bus  voltage  vdc  and  the  equivalent  d,q 
component  control  modulation  signals  (m  macd reg,m  macq reg)  as 


[19,21,23]  follows: 

Vdc 

vrd  =  m  maci  reg 

(27) 

Vdc 

vrq  =  m  macq  reg 

(28) 

debate  in  the  electric  power  industry  has  been  introduced  about 
which  battery  technology  will  be  the  ultimate  winner. 

Many  different  types  of  batteries  have  been  considered  and 
developed  for  electric  power  system  over  the  last  years,  such  as: 
lead  acid,  nickel-cadmium  (Ni-Cd),  nickel-metal  hydride  (Ni¬ 
MH),  and  lithium-ion  (Li-ion)  [25,26],  This  last  one  has  the  best 
characteristics  with  high  voltage,  light  mass,  low  self-discharge, 
more  lifetime  and  other  advantages  [27],  For  these  reasons,  the 
Li-ion  has  been  selected  as  the  most  favorable  technology  because 
it  well  matches  the  required  characteristics  [26,28], 

3.7.2.  Li-ion  battery  model 

In  this  paper,  a  battery  model  based  a  simple  nonlinear 
equivalent  circuit  is  used.  The  structure  did  not  model  the  internal 
chemistry  of  the  Li-ion  battery  directly;  the  equivalent  circuit 
empirically  approximated  the  behavior  seen  at  the  battery  term¬ 
inals.  The  structure  consisted  of  two  main  parts:  a  main  branch 
which  approximated  the  battery  dynamics  under  most  conditions, 
and  a  parasitic  branch  which  accounted  for  the  battery  behavior  at 
the  end  of  a  charge  [29],  Fig.  5  illustrates  the  proposed  model. 
However,  this  model  assumes  the  same  characteristics  for  the 
charge  and  the  discharge  cycles.  The  open  voltage  source  is 
calculated  with  a  non-linear  equation  based  on  the  actual  state 
of  charge  (SOC)  of  the  battery  [29,30], 

E  no-load  voltage  (V) 

E0  battery  constant  voltage  (V) 

I<  polarization  voltage  (V) 

Q  battery  capacity  (Ah) 

f  idt  actual  battery  charge  (Ah) 

A  exponential  zone  amplitude  (V) 

B  exponential  zone  time  constant  inverse  (Ah)-1 

Vbat  battery  voltage  (V) 

Rjn[  internal  resistance  (£2) 

i  battery  current  (A) 


Similarly,  for  the  PMSM  side  converter  the  relations  between 
the  equivalent  d,q  component  control  signals  (m  md reg,m  mq  reg) 
and  the  d.q  components  of  the  actual  voltages  can  be  given  as 
follows: 

vmd  =  m  md  reg4E  (29) 


Vma  =  mm, 


Vdc 
q-reg~Y 


(30) 


The  evolution  of  the  dc  voltage  vdcis  given  by  the  following 
equation: 


rdvdc  _ , 

^  >.  —  im_mac  ‘dc 


(31) 


C  is  the  total  capacitor  value  of  the  dc-bus. 

So,  modulated  currents  are  expressed  by  the  following  equa¬ 
tion: 


Uc  =  2<m  md_regird  +  m  md  regirq) 


(32) 


1 

imac=^im  macd  regird  +  m  macdregirq) 


(33) 


3.7.  Electrical  batteiy  model 
3.7.1.  Batteries  technologies 

The  batteries  are  made  of  stacked  cells  where-in  chemical 
energy  is  converted  to  electrical  energy  and  vice  versa.  The  desired 
battery  voltages  as  well  as  current  levels  are  obtained  by  elec¬ 
trically  connecting  the  cells  in  series  and  parallel  [24],  The  hottest 


The  Li-ion  battery  model  was  designed  with  current  like  input 
and  the  voltage,  SOC  as  variables  outputs.  This  model  does  not 
take  into  account  the  influence  of  temperature  and  the  phenom¬ 
enon  of  self-discharge  [30],  Under  validate  our  battery  model;  we 
carry  out  a  constant  current  test.  Fig.  6  shows  the  battery  voltage 
in  discharge  phase  with  constant  current  (Ibat  =  16  A). 


4.  Control  of  the  WECS  in  isolated  mode 

4.1.  DFIG  control 

The  originality  of  this  control  strategy  lies  in  the  choice  of 
the  rotor-flux  components  for  a  vector  control,  the  rotor-flux  is  a 
natural  state  vector  of  the  DFIG,  and  furthermore  it  allows  a  direct 
control  over  the  rotor-voltage  of  the  machine  compared  to  a  rotor- 
current  inner  loop  method  [8,14], 
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The  control  strategy  (Fig.  7a)  is  realized  through  two  loops:  an 
inner  rotor  flux  control  loop  and  an  outer  stator  voltage  loop 
where  stator-voltage  magnitude  is  regulated  to  follow  the  desired 
reference  [15], 

The  DFIG  stator  voltage  frequency  is  regulated  by  using  the 
classical  frequency  relationship  of  the  induction  machine: 

®s  =  ®r+pt2  (34) 

The  rotor  angular  frequency  ®r  changes  according  to  the 
variable  mechanical  speed  for  regulating  the  stator  angular  fre¬ 
quency  ®s. 


Fig.  6.  Battery  voltage  with  constant  current. 


Fig.  7.  Control  strategies  of  the  DFIG  and  PMSM.  (a)  Control  strategy  of 
DFIG.  (b)  Internal  control  loop  of  PMSM  current,  (c)  External  control  loop  of  DC 
bus  voltage. 


4.3.3.  Rotor-flux  inner  loop 

In  order  to  impose  the  rotor  current  dynamic  and  to  control  the 
stator  voltage  via  the  rotor  flux,  a  simple  PI  controller  is  employed. 

4.3.2.  Stator-voltage  outer  loop 

The  voltage  control  loop  is  used  to  control  the  magnitude  of  the 
stator  voltage  spatial-vector,  which  is  defined  as  follows: 

l^l=\/Vsd  +  VsQ  <35> 

where  |vs|  is  the  stator  voltage  vector  magnitude.  The  voltage 
control  loop  is  closed  by  using  the  voltage  magnitude,  as  calcu¬ 
lated  in  (35). 

The  transfer  function  between  stator  voltage  and  rotor  flux  is  a 
simple  gain,  thus  a  simple  integrator  is  used  for  the  regulation  to 
cancel  the  static  error  between  measured  and  reference  stator 
voltage  (Fig.  7a  ). 

4.2.  PMSM  control 

In  order  to  regulate  the  dc  bus  voltage  independent  of  the  rotor 
power  of  DFIG  using  PWM  converter  with  PMSM,  we  need  two 
control  loops  [8,15], 

•  Internal  loop  current  control  of  PMSM 

•  External  control  loop  of  the  dc  bus  voltage 

The  two  control  loops  are  shown  in  Fig.  7. 

4.3.  Storage  system  control 

The  management  strategy  is  used  to  control  the  energy  storage 
in  the  Li-ion  battery  storage  system.  It  is  designed  to  smooth  wind 
power  fluctuations  by  releasing  or  absorbing  stored  energy  during 
wind  fluctuations  [17,18,23],  It  is  well  known  that  the  wind  speed 
is  fluctuant  and,  because  of  this,  the  wind  generator  delivers  a 
variable  electrical  power.  To  overcome  this  drawback,  a  Li-ion 
battery  storage  system  is  installed  in  order  to  produce  an  addi¬ 
tional  energy  and  regulate  the  electric  power  delivered  to  the 
isolated  grid  [18],  The  reference  active  power  applied  to  the  Li-ion 
battery  storage  is  obtained  by  the  following  equation: 

Afoar  —  I ^ load  ~  Pwind  (36) 

where  P(oa[ (  the  reference  load  active  power,  fixed  to  7.5  kW  value 
and  PWind  is  the  power  generated  by  the  DFIG. 

5.  Simulation  results 

In  order  to  verify  the  performance  of  the  proposed  wind  energy 
conversion  system  for  stand-alone  power  applications,  the  simula¬ 
tion  work  has  been  done  by  using  Matlab/Simulink  package.  The 
parameters  of  the  simulation  studies  are  listed  in  the  Appendix. 
Several  tests  were  performed  with  the  result  interpretation. 
However,  some  results  of  these  tests  are  presented  in  this  section. 

Fig.  8  illustrates  the  DFIG  mechanical  speed  profile.  This  profile 
is  chosen  to  show  the  DFIG  behavior  in  sub  synchronous  and  hyper 
synchronous  as  well. 

Fig.  9a  displays  the  simulation  waveform  of  the  d,  q  compo¬ 
nents  of  DFIG  stator  voltage  output  while  Fig.  9b  illustrates  the 
instantaneous  first  phase  stator  voltage  and  current. 

It  is  clearly  shown  from  Fig.  9b  that  the  stator  voltage  follow  its 
reference  set  in  this  case  at  220  V2V  and  frequency  of  50  Hz 
during  a  change  of  mechanical  speed  and  the  stator  current  is  in 
phase  with  the  voltage  (resistive  load). 

Fig.  10a  and  b  presents  the  power  of  wind  turbine,  load  and 
battery  in  our  system.  It  is  noticed  that  during  the  transition  from 
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Fig.  8.  Mechanical  speed  profile. 
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Fig.  9.  Simulation  waveforms  of  the  DFIG  stator  voltage  output,  (a)  d  and  q 
components  of  the  DFIG  stator  voltage,  (b)  The  stator  voltage  and  current. 


the  synchronous  mode  to  the  hyper  synchronous  mode  the  wind 
power  change  between  load  power  value  and  max  value,  this 
deference  is  recovered  by  Li-ion  battery  storage  system.  On  the 
other  hand,  the  battery  ensures  the  power  gap  between  the  wind 
turbine  and  load  demand  in  low  speed  range. 

From  Fig.  10a  and  b,  we  can  distinguish  three  operation  modes 
of  our  system: 

•  First  mode:  the  wind  power  equal  to  the  power  demand  of 
load,  we  can  see  that  the  Li-ion  battery  storage  system  is  not 
operated  during  this  phase. 

•  Second  mode:  the  value  of  wind  power  is  greater  than  the  load 
demand.  So,  the  power  gap  in  this  range  is  recovered  by  the 
Li-ion  battery  storage  system. 

•  Third  mode:  the  wind  power  is  less  than  the  power  need  of 
load  in  this  phase.  However,  the  Li-ion  battery  storage  system 
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Fig.  10.  Simulation  waveforms  of  the  WECS  power,  (a)  Wind  and  load  power, 
(b)  Battery  power. 


ensures  the  power  gap  between  the  wind  turbine  and  load 
demand. 


Fig.  11  illustrates  the  variation  of  battery  voltage  during  the 
change  of  power  cycle.  The  charging  and  discharging  of  the  battery 
is  according  the  power  demand. 

The  determination  of  the  battery  SOC  is  very  important  for  the 
proposed  wind  energy  conversion  system  for  stand-alone  power 
applications.  Fig.  12  presents  the  SOC  given  by  the  Li-ion  battery 
with  both  operation  mode  charging  and  discharging  (initially 
charged  with  80%). 

We  can  see  from  Figs.  10,  11  and  12  the  Li-ion  battery  storage 
system  work  in  the  main  phases  during  the  operation  of  proposed 
system.  These  results  confirm  the  need  of  storage  system  in  our 
installation  to  provide  an  isolated  load  through  a  stand-alone  wind 
power  system. 

Fig.  13  presents  the  dc  bus  voltage;  we  can  see  that  the  dc  bus 
voltage  reaches  its  reference  value  with  good  approximation  even 
during  changes  of  mechanical  speed.  This  result  confirms  the 
feasibility  of  the  proposed  PMSM  control. 

In  order  to  evaluate  the  robustness  of  proposed  system  under 
load  variation,  a  simulation  test  is  carried  out  (Fig.  14),  which  the 
mechanical  speed  of  wind  turbine  is  kept  at  1500  rpm  and  the 
resistive  load  is  reduced  to  the  half, in  the  same  time  a  reactive 
load  is  connected  to  wind  power  supply.  Fig.  14a  shows  that  our 
system  is  able  to  provide  the  necessary  power  for  the  load  before 
and  after  the  change  (t=5  s).  We  can  see  also  a  small  delay  in  the 
curve  of  battery  power  during  the  load  variation,  which  related  to 
the  time  constant  of  both  battery  and  dc/dc  converter. 

Fig.  14b  illustrates  the  decrease  of  battery  voltage  with  a  time 
gap  during  load  change.  This  discharging  of  battery  is  affected  to 
ensure  the  load  power  demand. 
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Fig.  11.  Battery  voltage  waveform. 
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Fig.  12.  State  of  charge  (SOC). 
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Fig.  13.  Dc  bus  voltage. 


The  stator  voltage  and  current  are  shown  in  Fig.  14c,  it  is  clearly 
shown  that  the  both  DF1G  stator  voltage  magnitude  and  frequency 
are  kept  constant  during  all  operation  phases.  As  well  as,  we  can 
see  from  the  same  figure  that  after  change  time  a  difference  in 
the  phase  between  DFIG  stator  voltage  and  current  due  to  new 
reactive  load  connected  in  wind  power  supply.  However,  this 
result  confirm  that  our  system  can  be  provides  both  reactive  and 
active  powers  under  different  conditions. 

Another  test  is  realized  to  confirm  the  good  performances  of 
our  system  in  stand-alone  power  applications  (Fig.  15).  The  test  is 
consisting  to  keep  the  resistive  load  at  a  constant  value  with 
decreasing  the  mechanical  speed  of  wind  turbine  to  low  value 
500  rpm  (Fig.  15a).  As  Fig.  15b  shows,  the  load  power  is  always 
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Fig.  14.  Test  of  load  variation  with  constant  speed  (1500  rpm).  (a)  Wind,  battery 
and  load  powers,  (b)  Battery  voltage  waveform  (c)  DFIG  stator  voltage  and  current. 


assured  by  wind  power  supply  even  under  lower  speed.  The  power 
battery  increases  only  to  compensate  the  deference  between  the 
wind  power  and  load.  Fig.  15c  presents  that  the  magnitude  and 
frequency  of  DFIG  stator  voltage  are  well  controlled,  which  there  is 
not  any  influences  of  wind  speed  on  our  system. 

Based  on  this  study,  we  can  say  that  the  proposed  stand-alone 
wind  power  system  offer  many  advantages  in  comparison  with  the 
traditional  wind  supply.  The  use  of  tow  machines  DFIG  and  PMSM 
in  the  same  system  allow  to  decrease  the  power  stress  applied  to 
Li-ion  battery  storage  system  and  optimize  the  size  of  both  battery 
pack  and  PMSM,  as  well  as  the  power  converters.  In  addition,  the 
good  performances  and  high  yield  of  proposed  system  is  con¬ 
firmed  by  simulation  tests,  when  the  ability  of  power  supply  to 
provide  an  isolated  load  during  wind  speed  variation  and  under 
load  change.  Nevertheless,  the  drawback  of  stand-alone  wind 
power  system  is  high  cost  and  its  problem  is  lifetime  of  the 
Li-ion  battery  storage  system.  More  than  that,  the  coupling  of  tow 
electric  machines  in  the  same  turbine  with  dissimilar  power  can 
created  a  mechanical  problems  and  generate  more  noise. 


212 


T.  Mesbahi  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  40  (2014)  204-213 


5 

Time  (s) 


10 


b 


0  5  10 

Time  (s) 


4.96  4.98  5  5.02  5.04 


Time  (s) 

Fig.  15.  Test  in  phase  of  low  wind  speed,  (a)  Mechanical  speed  profile.  (b)Wind, 
battery  and  load  powers,  (c)  DFIG  stator  voltage  and  current. 


6.  Conclusions 

In  this  paper,  a  structure  of  stand-alone  wind  power  system 
based  on  a  DFIG  and  PMSM  associated  with  Li-ion  battery  storage 
system  was  presented.  In  addition,  a  control  strategy  for  the  stand¬ 
alone  DFIG  was  developed  to  regulate  the  DFIG  stator  voltage 
magnitude  and  frequency.  This  strategy  uses  the  d  and  q  compo¬ 
nents  control  of  rotor  flux.  The  PMSM  is  connected  to  the  rotor  of 
the  generator  via  the  back-to-back  PWM  converter.  It  is  controlled 
to  somehow  to  keep  the  dc  link  voltage  magnitude  constant  under 
variable  mechanical  speed  operation.  However,  the  energy  man¬ 
agement  strategy  for  storage  system  is  selected  to  smooth  wind 
power  fluctuations  using  the  Li-ion  battery.  According  to  the 
simulation  results  presented  the  proposed  stand-alone  wind 
power  system  have  the  ability  to  cover  the  corresponding  load 
demand  in  both  hyper  synchronous  and  sub  synchronous  mode. 
Finally,  the  capacity  of  the  battery  and  energy  management 
strategy  used  in  wind  based  stand-alone  installation  are  very 


important  factors  for  the  feasibility  and  effectiveness  of  our 
system. 


Appendix 


DFIG  parameters 


PMSM  parameters 


Li-ion  battery  parameters 


Pdfig=  7.5  kW 
Rs  =  0.455  a 
Rr  =  0.455  £2 
Ls  =  84  mH 
Lr  =  81  mH 
M  =  78  mH 
P  =  2 

f  =  0.00673  Nm/s 

a=  0.0106 

J  =  0.3125  kg  m2 3 4 5 6 7 8 9 10 

Ppmsm  =  5.1  KW 
Rms  =  2.43  £2 
Ld  =  30.6  mH 
Lq  =  29.1  mH 
P  =  5 
Ke=  194 
km  =  0.16 
J  =  0.0035  kg  m2 

Q  =  1.5  Ah 
Rin[  =  0.02  £2 
£0  =  1.2449  V 
I<  =  0.0029221  V 
A  =  0.156  V 
B  =  2.35  29  (Ah)”* 1 
N=  120 
M  =  2 
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